In contrast to the first part of life (development), ageing appears to be under less strict genetic control. The precise timing of events so characteristic of development seems to loosen its grasp, while stochastic and environmental factors seem to become the dominant force. Evolutionary theories put forward a decreasing evolutionary pressure over the course of life as the reason behind this pattern, yet dissenting views on ageing as a genetically programmed process linger. In this paper we address this dissent by presenting insights from an artificial evolutionary-developmental system, ET, and propose a new evo-devo theory of ageing-a theory that sees ageing as a continuation of development in the postreproductive period. In this theory both development and ageing are under genetic control. Nonetheless, while gene expression patterns that drive development are optimised by evolution, patterns that drive ageing are not optimised, because evolutionary pressure decreases with age. For these reasons, during ageing the changes orchestrated by genes are "pseudorandom"-deterministic but erratic-and their effects on an individual's health are more likely to be detrimental than beneficial. As such, they contribute to the continuous deterioration of bodily functions that characterise ageing.
INTRODUCTION
Ageing involves the progressive accumulation of detrimental changes in the organism over time, leading to deterioration of bodily functions-decreased robustness to damage caused by stress or disease, and increasing mortality with age. Ageing does not affect all species-in some the effects of time are negligible or undetectable. Moreover, the rate of the process varies tremendously-a three-year old mouse is old, a three-year old human is at the brink of life. The answer to why organisms age is not obvious, and can be divided into proximate answers (descriptions of the mechanisms of ageing) and ultimate answers-answers framed in evolutionary terms.
The main question within evolutionary theories of ageing is whether this process is adaptive or not. Intuitively, ageing should be opposed by selection, because it reduces the number of offspring of individuals. This evolutionary consideration argues against any specific adaptive "programmed" ageing process. On the other hand, mechanistically, development is certainly a process that is "programmed" (it unravels in specific, well-orchestrated steps). It appears strange that after orchestration of development, with a precise timing of events, the timing mechanism would stop. And it appears paradoxical that after accomplishing development, a multicellular organism would fail to achieve a seemingly much less complex feat of maintenance [1] .
*Address correspondence to these authors at the Evolving Systems Laboratory, Faculty of Biology, Adam Mickiewicz University, Poznan, Poland; Tel: +48 61 829 5855; Fax: +48 61 829 5949; E-mails: wrobel@evosys.org; fontana@evosys.org Yet, again, from the evolutionary point of view, the question is what is the cost of supporting maintenance versus reproduction. First of all, in many species, death caused by extrinsic factors (such as predators or starvation) occurs well before any effects of senescence. If reproductory benefits from long lifespan are rarely realised, alleles promoting maintenance mechanisms at a level not strictly necessary earlier in life will not be rewarded by selection; this is the disposable soma theory [2] of ageing. Nor will selection reward any genetic variation-even if not associated with maintenance of the soma-that promotes longer lifespan, and genetic changes associated with short, not long, lifespan will accumulate in evolutionary lineages; this is the mutation accumulation theory of ageing [3] . If any such genetic changes, detrimental in old age, would lead to any benefit earlier in life, they will be even selected for; this is the antagonistic pleiotropy theory [1] .
Any evolutionary theory of ageing should link with the proximate model that describes how the activity of genes, mechanistically, results in ageing, how gene variation causes variation in lifespan, and whether-and if yes, how-the timing mechanism that orchestrates development acts throughout the entire lifespan. The disposable soma theory is perhaps the most advanced in this respect. The theory assumes that genetic variation leading to longer lifespan affects genes that are either involved in allocation of resources or directly in maintenance of the body (for example, removing damage at the level of cells or tissues, or reducing the rate at which such damage accumulates). According to this theory, if any heritable sequence of events occurs during ageing, it is not because there is any active mechanism that times them, it is because some subsystems of the organism happen to be (heritably) more vulnerable than other ones. The timing mechanism that drives development would behave like an hourglass-the amount of sand indicates what developmental events should occur at a given time, but once the sand runs out, development stops, and only maintenance remains. At this point, any intervention (such as caloric restriction) only affects the allocation of resources (reproduction vs. maintenance).
According to the disposable soma theory, some animals at one end of the spectrum (for example, salmon) invest so much in once-in-a-lifetime reproduction that they basically decay just after reproducing. Other animals' chance of dying, however, does not increase with life, because they invest much more in maintenance (for example, tortoises). In agreement with this theory, no mutant in any laboratory animal has been found which would stop ageing completelythe mutations that extend lifespan merely slow down ageing. This would present a rather pessimistic outlook on the possibility of extending life of any animal forever.
In this paper we argue, however, that the disposable soma theory may lead to an overtly optimistic outlook on life extension. In this mindset, ageing could be stopped by technological interventions, for example, pharmacological or cell therapy, resulting in perfect maintenance of cells and structures built by cells. But what if the activity of the timing mechanism that orchestrates prenatal and postnatal development continues to work during adulthood? What if some damage later in life is not caused by failures to maintain tissues and organs but by gene activity that results in damage?
In order to discuss the implications of this alternative mindset-an evo-devo theory of ageing-we devote the next section (section 2) of this paper to the presentation of a computational model that illustrates this theory at an extreme. The approach we use, that of artificial life, draws a picture (in the words of Christopher Langton) of life-as-itcould-be in order to learn about life-as-we-know-it. The name of the model we will describe, ET, stood for "Epigenetic Tracking" when it was first conceived [4] as a model of multicellular development. ET was then extended to discuss biological phenomena such as ageing, cancer, regeneration, and the hypothetical transfer of genetic elements from somatic to germline cells [5] [6] [7] [8] [9] [10] . We return to the evo-devo theory of ageing in section 3, and then discuss the insights from our model in the final section.
ET AS AN EVOLUTIONARY MODEL OF DEVEL-OPMENT
Embryonic development in ET starts from a single cell and unfolds in a predefined number of developmental stages, counted by a clock, a timing mechanism that coordinates change events in the whole body. Artificial bodies are composed of two categories of cells: stem cells (called driver cells in some of our older papers) and normal cells. Cells have a variable called mobile code, which can take different values in different cells and represents the main source of differentiation during development. A given mobile code can be shared by many normal cells, but each stem cell has a distinct mobile code. The mobile code can be interpreted in biology ( Fig. 2) as the set of master trans-regulators, such as regulatory RNA, transcriptional factors, proteins affecting chromatin status, etc. present in a cell, which are responsible for the activation of batteries of effector genes, and ultimately determine the establishment of the cell differentiation state.
Effector genes (Fig. 1) are divided in groups of elements which are co-regulated; for this reason each group is associated to a variable called regulatory set and a variable called timer. The regulatory set and the timer correspond in biology to the (cis) regulatory sequences recognised by the transregulators specified by the mobile code (Fig. 2) . In our software implementation the clock and the timer are represented as numbers, while the mobile code and the regulatory set are represented as ordered sets of numbers (each number in the set can be interpreted as a regulatory RNA/protein or a regulatory locus). Fig. (1) . Change events in ET. Each gene group is associated to two variables: regulatory set and timer. The coding parts of the genes of the group encode a change event, which is triggered when there is a match between the regulatory set of the gene and the mobile code of the stem cell, and a match between the timer value and the clock. The figure shows an example of a proliferation event triggered by a stem cell with mobile code A at developmental stage 6 (when the clock value is 6). After proliferation, most new cells differentiate, but some become stem cells.
Stem cells direct the developmental process. If the mobile code of a stem cell matches with the regulatory set of a gene group and the clock matches with the timer of the same group of effector genes, a change event occurs. The change event is determined by the combined action of the coregulated effector gene, and can take the form of either a large-scale apoptosis (death of a large number of cells in the volume around a stem cell), or a proliferation event, which corresponds to several rounds of cell divisions. In other words, a stem cell orchestrating proliferation produces a lineage of cells, which fill a certain volume, with differentiation towards plastic normal cells along the lineage (Fig. 1) . All normal cells generated through proliferation inherit the genome and mobile code from the stem cell which gave rise to the proliferation.
Most new cells become and remain terminally differentiated, but some can become stem cells (this happens if they are far away from other stem cells). Each of such newly created stem cells obtains a new and unique mobile code. If a gene group exists whose regulatory set matches the mobile code of a new stem cell, this cell can become the centre of another event in a subsequent stage, and development can move ahead. Hence in ET development is produced by a sequence of change events, each orchestrated from a certain stem cell, by a given gene group, at a given clock valueeach entirely under genetic control. The model of development described above can be coupled with a simulated evolutionary process, a genetic algorithm. At each generation during simulated evolution, each individual in a population (which has a constant size to simplify matters) is assigned a fitness value. Based on this value, individuals are selected and randomly mutated to produce a new population. We say that the system (or a lineage in a particular simulation) shows evolvability if the average fitness value increases over generations. Our in silico experiments showed how ET allows to evolve the development of complex 3-dimensional structures with the number of cells (reaching millions) and a level of fine detail unmatched by any other model of evolution of embryogenesis (Fig. 3) . These experiments cannot replace biological in vitro or in vivo experiments, but they allow to investigate what results can be drawn from our assumptions and discuss how this can relate to biology.
AGEING IN ET
In ET, for a given individual, development unfolds in N developmental stages. After the last stage, individual's fitness is evaluated, and used to determine the size of individual's progeny in the genetic algorithm. The stage of fitness evaluation can be thought to correspond to the time at which an organism reproduces. The period before this time can be called period of development, the period after this time period of ageing.
Mature structures in ET contain stem cells that have not been activated during development (in fact, a majority of stem cells are not, Fig. 4) . If the clock is allowed to tick further, these cells can be activated, which means that a group of co-regulated genes will allow this cell to orchestrate a change event. By the same logic that stands behind the mutation accumulation theory, the way these genes act will not be optimised by evolution. Therefore, the associated event will likely have a detrimental effect on the multicellular structure, very similar to that of a random damage (Fig. 5) . Nonetheless, such events are timed and heritable features, and this is why we call them "pseudorandom". With age, the effects of these events will accumulate, causing the structure to progressively deteriorate.
Based on these considerations, change events in ET can be divided into 3 types: 1) events during development, 2) events during ageing, and 3) events which could be orchestrated, but the conditions for this orchestration are not met during a lifetime of a particular organism. The effects on fitness is the strongest for the first type, smaller for the second one (inasmuch as these events affect the propagation of individual's genes), and null for the third type. Nonetheless, in ET the timers associated with a co-regulated gene group can change, reflecting a modification of the time when a particular event is orchestrated. The presence of a reservoir of such events in a particular lineage improves evolutionary plasticity and thus evolvability. Fig. (2) . Biological counterparts of mobile code, clock, regulatory set, and timer in ET. Biological mobile code is a set of trans-regulators that bind to cis-regulators (biological regulatory set) together which trans-regulators providing the timing signal (biological clock) binding to their cis-regulators (biological timer). For simplicity, only two co-regulated genes are shown, and only the effects on transcription (but the concepts are applicable to any level of gene expression).
DISCUSSION
The central tenet of the evo-devo theory of ageing, illustrated in this paper with our artificial life model, ET, is the vision of ageing as a continuation of development, driven by non-optimised gene expression patterns resulting in pseudorandom changes in the multicellular structures, detrimental as a rule. In general (in the words of George Box), "all models are wrong, but some are useful", so the question is what insights can be derived from this model, and how they relate to existing biological evidence, and possible further experiments.
The first insight is the proposal for the timing mechanism that is active throughout the lifetime of the organisms. We believe that the existing biological evidence points towards the existence of diffusible signal(s) that provide a timing information for the whole organism, or for synchronisation of local timing mechanisms. There are arguments for timing mechanisms that depend on epigenetic markers (such as methylation) [11] , perhaps in the cells responsible for the production of these diffusible signals and/or affecting epigentic markers in the cells receiving the signal.
If the timing mechanisms work throughout life, perhaps the case of human "disorganised development"-disorganised, but slower in general [12] -could be explained by the defect in the system that provides timing information, for example, a defect of a signal or its receptor. If so, and if the defect affects the signal, it would be extremely interesting to see if, once a mammalian model of disorganised development is available, the syndrome could be rescued by parabio- Fig. (3) . Development of a hand-shaped 3-dimensional structure obtained with ET. The structure has 3.3 million cells. Development is produced by a sequence of change events, each orchestrated by a single stem cell in which a particular group of genes is co-regulated at a given clock value (values are shown in the circles). Genes are optimised through a genetic algorithm, which simulates natural evolution. Fig. (4) . Stem cells present in ET artificial bodies at the end of development. Some of these stem cells have been activated during development, some (the vast majority) have not. The timer value of the gene group which is going to be activated in each stem cell is indicated in the circles (numbers refer to age in humans expressed in years).
sis (joining the circulation of two animals). Conversely, it would be interesting to see if joining the circulation of an animal with disorganised development slows the appearance of at least some symptoms of ageing of wild type animals, similarly to heterochronic parabiosis (in which two joined animals have different age, and the ageing of the older animal slows down; for a recent review on parabiosis, see e.g. [13] ).
Another insight from ET is the possible interrelationship between development, regeneration, and ageing [9, 10] . If regeneration of a body part requires re-running of a developmental program locally, with timing of events also involving diffusible signals, then it is possible that individuals forced to regenerate body parts would delay ageing in comparison to individuals who have not been so challenged, similarly to heterochronic parabiosis. As far as we know, this question was not yet addressed experimentally.
The third insight from the model of ageing presented here concerns the involvement of stem cells. There is empirical evidence of an age-related decline in the functionality of adult stem cells [14] . Our hypothesis is that this functional decline is determined by the timing mechanism. The fact that this decline is potentially reversible [14] is in agreement with this hypothesis.
In ET, which is a simplified model of ageing, we have considered only change events of proliferation and apoptosis, but we can envision also change events orchestrated by coregulated genes in some cells at specific time points that affect, through diffusible signals, the state of the cells in the vicinity without affecting their number. This view provides insight into the relation between age-related diseases with intrinsic origin and "normal" ("healthy") ageing. We hypothesise that both are driven by events (either changing the number of cells or not) orchestrated at specific times late in life. This interpretation provides a straightforward explanation why the temporal patterns of "normal" ageing and these diseases coincide, and why measures that delay ageing, such as caloric restriction, also postpone the onset of agerelated diseases [15, 16] . It remains enigmatic what is the relation between caloric restriction and the timing mechanism [16] , but it is consistent with the evo-devo hypothesis of ageing that caloric restriction affects how the signals involved in timing are sent or interpreted by their targets.
The final insight we would like to discuss is the explanation for the observation that is frequently raised as an argument against any theories of "programmed" ageing-that even though many genes were found that slow-down ageing, no genetic variants exist in which ageing would stop (for example, [17] ). However, it is consistent, however, with the evo-devo theory of ageing that a mutation that would stop ageing would also lethally disrupt development.
The interpretation of ageing as a continuation of development has been already entertained in the past (see [12] and references therein). But we believe that ours is the first proposal how this interpretation could be given a solid evolutionary foundation, inspired by the mutation accumulation theory of ageing. Another merit of our proposal is that it reconciles aspects of ageing that seem on one hand programmed and on the other stochastic (for a recent addition to this discussion, and references, see [18] ). Because we do not postulate that the damage caused by development-like events programmed in the genome (but not selected for) is the only type of damage that accumulates with age, our proposal is consistent with the variability of ageing of genetically identical organisms kept in the same environment [19] .
Our proposal, no doubt, will require further fine tuning to be made consistent with the vast experimental evidence in the field of ageing research. Nonetheless, an important conclusion is that (in contrast to the disposable soma theory), the evo-devo theory predicts that ageing cannot be completely prevented by just increased maintenance and repair, without stopping the timing mechanism(s).
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